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Downregulation of the schizophrenia-associated
gene DISC1 and its interacting protein FEZ1 posi-
tively regulates dendrite growth in young neurons.
However, little is known about the mechanism that
controls these molecules during neuronal develop-
ment. Here, we identify several components of the
ubiquitin proteasome system and the cell-cycle ma-
chinery that act upstream of FEZ1. We demonstrate
that the ubiquitin ligase cell division cycle 20/
anaphase-promoting complex (Cdc20/APC) controls
dendrite growth by regulating the degradation of
FEZ1. Furthermore, dendrite growth is modulated
by BubR1, whose known function so far has been
restricted to control Cdc20/APC activity during the
cell cycle. The modulatory function of BubR1 is
dependent on its acetylation status. We show that
BubR1 is deacetylated by Hdac11, thereby disinhi-
biting the Cdc20/APC complex. Because dendrite
growth is affected both in hippocampal dentate
granule cells and olfactory bulb neurons upon
modifying expression of these genes, we conclude
that the proposed mechanism governs neuronal
development in a general fashion.INTRODUCTION
The generation of new neurons after birth occurs in two
restricted areas in the forebrain, namely the subgranular zone
(SGZ) of the dentate gyrus (DG) in the hippocampus and the
subventricular zone (SVZ) located adjacent to the lateral ventri-
cles (Altman and Das, 1965; Lledo et al., 2006; Lois and
Alvarez-Buylla, 1994; Ming and Song, 2011; Zhao et al., 2008).
In particular, DG granule cells have been extensively studied
and are considered an ideal ‘‘model’’ system to study neuronal
development (Christian et al., 2010; Laplagne et al., 2006; Mu
et al., 2010; van Praag et al., 2002; Seri et al., 2001). The impor-
tance of postnatal neurogenesis in the DG is highlighted by the
fact that 85% of the granule cells are born postnatally in rats552 Cell Reports 7, 552–564, April 24, 2014 ª2014 The Authors(Bayer and Altman, 1974) and by the finding that postnatally
generated neurons support certain types of learning and mem-
ory (Clelland et al., 2009; Garthe et al., 2009; Noonan et al.,
2010; Sahay et al., 2011). Unlike most neurons in the brain that
are born embryonically, a large proportion of DG granule cells
are generated postnatally, and this makes them readily
amenable to genetic manipulations (Ge et al., 2006; Jessberger
et al., 2008; Tashiro et al., 2006). Studies of postnatally gener-
ated hippocampal granule cells are thought to give insight into
neuronal development in general, because it is believed that their
maturation recapitulates, at least in part, genetic programs that
underlie the development of embryonically generated neurons
(Laplagne et al., 2006; Ming and Song, 2011).
The functional importance of postnatal neurogenesis is further
reflected by the proposed association with several mental dis-
eases, in particular anxiety disorders and depression (Eisch and
Petrik, 2012; Kheirbek et al., 2012; Zhao et al., 2008). Numerous
studies have contributed to the identification of molecular
cascades governing distinct stages of neurogenesis, namely
cell proliferation, migration, and differentiation (Ming and Song,
2011). Interestingly, for some genes involved in the development
of dentate granule cells, such as DISC1 (disrupted in schizo-
phrenia 1), FEZ1 (fasciculation and elongation protein zeta 1),
and Nkcc1 (Na+-K+-2Cl cotransporter), an interaction that
increases the risk for schizophrenia was proposed based on
genetic association analyses (Kang et al., 2011; Kim et al., 2012).
At the cellular level, DISC1 and FEZ1 were shown to control
dendrite development (Duan et al., 2007; Kang et al., 2011).
Thus, downregulation of DISC1 and FEZ1 promotes dendrite
growth (Kang et al., 2011), and DISC1 downregulation involves
the Akt- mechanistic target of rapamycin (mTOR) pathway
(Kim et al., 2009b). Little is known, however, about how DISC1
and FEZ1 are regulated. Here, we sought to identify upstream
molecular determinants and first identified the cell-division cycle
20/anaphase-promoting complex (Cdc20/APC) as a potential
candidate. Our attention was caught by the presence of a
destruction box (D-box) motif, a recognition motif of Cdc20/
APC (Glotzer et al., 1991), in the sequence of FEZ1. It was previ-
ously demonstrated that in postmitotic neurons, Cdc20/APC
serves as a ubiquitin ligase and modulates dendrite develop-
ment (Kim et al., 2009a). We showed a direct interaction of
FEZ1 and Cdc20 in vitro and demonstrated a differential effect
on dendrite growth by retrovirus-mediated overexpression and
knockdown of Cdc20 in vivo. An educated guess guided our
investigation of the regulation of Cdc20/APC. Thus, previous
studies focusing on regulatory mechanisms of the cell-cycle ma-
chinery recognized a direct interaction between Cdc20/APC and
budding uninhibited by benzimidazole 1-related protein kinase
(BubR1) (Chan et al., 1999; Choi et al., 2009; Nilsson et al.,
2008; Sudakin et al., 2001). Hence, we asked whether this inter-
actionmight also be involved inmodulating cellular development
and, more specifically, whether it affects dendrite growth. We
could indeed establish this link and uncovered the regulation of
BubR1 via histone deacetylase 11 (Hdac11)-mediated deacety-
lation. Furthermore, we established that overexpression and
knockdown of Hdac11 enhanced or repressed dendrite growth,
respectively, in vivo. Taken together, we identified constituents
of the ubiquitin proteasome complex that ultimately govern
FEZ1 expression levels, thereby affecting dendrite growth.
RESULTS
Cdc20 Regulates Degradation of FEZ1
To investigate whether DISC1/FEZ1 may be regulated by the
Cdc20/APC complex, a major E3 ligase in postmitotic neurons,
we first searched for the presence of the Cdc20 recognitionmotif
called the destruction box (D-box)motif in these proteins with the
aid of the Destruction Box Motif Finder (http://bioinfo41.
weizmann.ac.il/danag/d-box/main.html). A putative cyclin
B-like D-box motif was found in FEZ1, but not in DISC1 (Fig-
ure 1A), and indeed coimmunoprecipitation experiments re-
vealed the interaction of FEZ1 and Cdc20 in lysates derived
from human embryonic kidney 293T (HEK293T) cells (Figure 1B).
However, the interaction of Cdc20 and FEZ1 does not appear to
depend on the D-box motif in FEZ1, because Cdc20 coimmuno-
precipitated D-box-deleted FEZ1 in lysates derived from
HEK293T cells (data not shown). Endogenous interaction of
FEZ1 and Cdc20 was also confirmed in hippocampal lysates
(Figure S1A). Furthermore, MG132, an inhibitor of the protea-
some system, led to an increase in the level of FEZ1 (Figure 1C),
and overexpression of Cdc20 increased polyubiqutination of
FEZ1 (Figure 1D). Importantly, suppression of Cdc20 expression
in primary-cultured hippocampal neurons led to an increase in
FEZ1 levels (Figure S1B).
To examine the effects of FEZ1 and Cdc20 interaction at the
functional level, we manipulated their expression by injecting
retroviruses into the SGZ and investigated dendrite morphology
at 2 weeks postinjection (Figure 1E). The quantitative evaluation
of dendrite development was based on measurements of total
dendrite length and dendrite complexity as revealed by Sholl
analysis. Overexpression of Cdc20 and suppression of FEZ1
facilitated dendrite development (following FEZ1 suppression,
only the increase in dendrite complexity, but not the total
dendrite length, reached a level of statistical significance) (Fig-
ures 1F and S2). Conversely, suppression of Cdc20 inhibited
dendrite development, which was rescued by the concomitant
suppression of FEZ1 (Figures 1G and S2). In line with what was
previously reported (Kang et al., 2011), overexpression of FEZ1
or D-box-deleted FEZ1 did not suppress dendrite development
(data not shown), suggesting a ceiling effect of FEZ1 for the regu-
lation of dendrite development.Taken together, these data support the notion that degrada-
tion of FEZ1 is regulated by Cdc20, thus accounting for previ-
ously reported observations, namely that FEZ1 downregulation
promotes dendrite development.
BubR1, an Inhibitor of Cdc20/APC Complex, Negatively
Regulates Dendrite Development
To gain further knowledge about the gene network controlling
dendrite development, we searched for potential regulators of
the Cdc20/APC complex. We reasoned that BubR1 might be a
likely candidate, because it was shown to regulate Cdc20/APC
in a different context. Thus, it was shown that the activity of
the Cdc20/APC complex is inhibited by BubR1 during the spin-
dle assemble checkpoint of the cell cycle (Nilsson et al., 2008;
Sudakin et al., 2001). Notably, the inhibitory activity of BubR1
requires its acetylation at the position K250 (Choi et al., 2009).
We examined if this mechanism also underlies the regulation of
dendrite development. We first confirmed the previously re-
ported interaction of BubR1 and Cdc20 in lysates derived from
HEK293T cells and provided evidence for the endogenous inter-
action of BubR1 and Cdc20 in hippocampal lysate (Figure 2A).
Immunohistochemical experiments revealed that BubR1 is
expressed in the DG (Figure S3). Furthermore, overexpression
of BubR1 inhibited dendrite development, and the mimetic
form of acetylated BubR1 at K250 (BubR1K250Q) enhanced
this phenotype (Figures 2B, 2C, and S2). Conversely, suppres-
sion of BubR1 promoted dendrite development (Figures 2D,
2E, and S2). Importantly, overexpression of BubR1 suppressed
the facilitated dendrite development following Cdc20 overex-
pression (Figures S4 and S2). These data strongly suggest that
activity of Cdc20/APC complex is regulated by BubR1 not only
in the cell cycle but also in dendrite development.
Hdac11 Promotes Dendrite Development
We next investigated the upstream signaling involved in the
regulation of BubR1 and Cdc20/APC activity that controls
dendrite growth, bearing in mind that the acetylation status of
BubR1 is critical. We focused on Hdac11, which appeared to
be a promising candidate for the following reasons. The expres-
sion analysis revealed its presence in postmitotic neurons (Liu
et al., 2008) at a time when dendrite development takes place.
In addition, Hdac11 was shown to interact with Hdac6 (Gao
et al., 2002), which was demonstrated to regulate dendrite
development via polyubiquitination of Cdc20 (Kim et al.,
2009a). For this effect, Hdac6 does not require its deacetylation
domain (Kim et al., 2009a).
Immunohistochemical experiments revealed that Hdac11 is
expressed both in immature (doublecortin [Dcx]-positive) and
mature (calbindin [CB]-positive) neurons in the DG (Figure 3A).
Hdac11 exhibited nuclear, perinuclear, and cytoplasmic locali-
zation in the DG (Figure 3A and S5). Nuclear Hdac11 expression
was overall higher in the inner layer of the DG, known to contain
more immature neurons, and decreased in the upper layer of the
DG that comprises more mature neurons (Figures 3A and S5).
Hdac11 expression in the DG was more pronounced in juvenile
mice and declined in adulthood (data not shown). The expres-
sion of Hdac11 was confirmed with three different antibodies
(data not shown). Because Hdac11 staining resulted in aCell Reports 7, 552–564, April 24, 2014 ª2014 The Authors 553
Figure 1. FEZ1 Is a Target Protein of the Cdc20
Complex
(A) The cyclin-B-like D-box motif in FEZ1 is conserved in
different species.
(B) Flag-tagged FEZ1 coimmunoprecipitates (IP) hem-
agglutinin (HA)-tagged Cdc20 from protein lysate of
HEK293T cells. IP and total lysate are shown in the upper
and lower blot, respectively.
(C) Treatment with the proteasomal inhibitor MG132
(5 mM) for 16 hr increases FEZ1 levels compared to
vehicle treatment (DMSO) following overexpression in
HEK293T cells. The plasmid contained tdTomato down-
stream of the T2A sequence. Coexpression of tdTomato
was detected by antibody against DsRed.
(D) Cdc20 increases K48 type polyubiquitination of FEZ1
in HEK293T cells as detected with the K48Ub antibody (a
K48-linkage-specific polyubiquitin antibody). Treatment
with the proteasomal inhibitor MG132 for 4 hr further
augments FEZ1 ubiquitination.
(E) For gene expression manipulation in vivo, retrovirus
was injected into the subgranular zone (SGZ) at P6, and
brains were collected at 2 weeks postinjection. A repre-
sentative picture of a retrovirus-infected fluorescent-
positive dentate granule neuron is shown (right).
(F) Overexpression of Cdc20 increases the total length
and complexity of dendrites. Suppression of FEZ1 in-
creases the complexity of dendrites. F (2, 139) = 5.0619,
p < 0.05 (left); F (2, 139) = 5.7127, p < 0.005 (right); area
under the curves was analyzed.
(G) FEZ1 suppression rescues the Cdc20-induced den-
dritic phenotype. F (3, 232) = 28.664, p < 0.005 (left); F (3,
232) = 26.625, p < 0.005 (right).
Numbers in the bar in (F) and (G) indicate the animal (top)
and analyzed cell (bottom) number, respectively. Scale
bar in (E) represent 50 mm. Error bars in (F) and (G) are
SEM. *p < 0.05, ***p < 0.0005 in (F) and (G) (between Scr
and the test group). +++p < 0.0005 in (G) (between
Cdc20sh and the test group). See also Figures S1 and S2.
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Figure 2. BubR1 Inhibits Dendrite Growth and a Mimetic Form of
Acetylated BubR1 Further Enhances the Phenotype
(A) HA-Cdc20 coimmunoprecipitates His-BubR1 from protein lysate
of HEK293T cells (left and middle). BubR1 coimmunoprecipitates Cdc20 of
hippocampal lysates from P10-old mice (right). The band that is visible in the
IP/immunoglobulin G (IgG) sample following Cdc20 staining (right) is
nonspecific, because it is also present with the IgG input only (see Figure S1).
(B and C) Overexpression of BubR1 suppresses dendrite development.
BubR1K250Q, a mimetic form of acetylated BubR1 at K250, enhances the
phenotype. F (2, 157) = 46.128, p < 0.0005 (left); F (2, 157) = 51.292, p < 0.005
(right).
(D and E) Suppression of BubR1 promotes dendrite development. Welch’s
t test, p < 0.0005 (left and right).
Numbers in the bar in (C) and (E) indicate the animal (top) and analyzed cell
(bottom) number, respectively. Scale bars in (B) and (D) represent 50 mm. Error
bars in (C) and (E) are SEM. *p < 0.05, ***p < 0.0005 in (C) and (E) (between Ctrl
or Scr and the test group). ++p < 0.005 in (C) (between BubR1 and
BubR1K250Q). See also Figures S2–S4.punctate signal in the cytoplasm, we determined the subcellular
localization of Hdac11 and found that some puncta were
localized in the centrosome (see below).
To examine if Hdac11 contributes to the development of
dentate granule neurons, we injected retroviruses into the DG
to overexpress Hdac11 or knockdown Hdac11 (small hairpin
RNAs [shRNAs] were directed against the HDAC domain).
Successful suppression of Hdac11 and rescue by concomitant
expression of human HDAC11, which is insensitive to shRNA
sequence, were first verified by quantitative PCR (data not
shown) and western blot analysis (Figure 3B). Overexpression
of Hdac11 increased the total length and complexity of dendrites
(Figures 3C and S2). In contrast, suppression of Hdac11
impaired dendrite development, and this phenotype was
rescued by overexpression of human HDAC11 (Figures 3D and
S2). However, Hdac11DHDAC, which is devoid of the HDAC
domain, failed to rescue the phenotype, indicating that
deacetylase activity is required for dendrite development (Fig-
ures 3D and S2).
Centrosomal Localization of Hdac11 Facilitates
Dendrite Development
We next directed Hdac11 expression to the centrosome or
nucleus to investigate whether the differential localization has
an impact on the above-described effect of Hdac11 on dendrite
development. To this end, we fused the PACT domain (Kim et al.,
2009a), a centrosomal localization signal, or a nuclear localiza-
tion signal (NLS) to both the N and C terminus of Hdac11
and overexpressed PACT-Hdac11-PACT (P-H11-P) and 2 3
NLS-Hdac11-2 3 NLS (N-H11-N) in newly born dentate granule
cells. We first confirmed that P-H11-P was indeed localized in
the centrosome, and N-H11-N displayed nuclear localization
(Figure 3E). P-H11-P, but not N-H11-N, promoted dendrite
development (Figures 3F and S2), indicating that centrosomal,
but not nuclear, localization of Hdac11 facilitates dendrite
development.
Hdac11 Speeds Up Maturation of Dentate Granule Cells
We next examined the effect of Hdac11 on cellular develop-
ment based on the analysis of other maturational parameters.
To this end, we investigated the expression of Dcx, a markerCell Reports 7, 552–564, April 24, 2014 ª2014 The Authors 555
Figure 3. Centrosomally Localized Hdac11 Requires
its HDAC Domain to Facilitate Dendrite Development
of Postnatally Born Dentate Granule Neurons
(A) Hdac11 (red) is expressed in immature (Dcx-positive,
green) and mature (CB-positive, blue) dentate granule neu-
rons (parasagittal brain section from a P19-old mouse).
Hdac11 expression is both cytoplasmic and nuclear (inset).
Nuclear signals are preponderantly, but not exclusively,
present in Dcx-positive immature cells (see also Figure S5).
(B) Western blot shows successful suppression of Hdac11
and rescue by human HDAC11, which is insensitive to
shRNA1 in HEK293T cells.
(C) Overexpression of Hdac11 increases total length
and complexity of dendrites. Welch’s t test, p < 0.0005 (left
and right).
(D) Hdac11 suppression reduces dendrite length and
complexity. This phenotype cannot be rescued by
Hdac11DHDAC (Hdac11DHDAC) but is rescued by shRNA-
resistant human HDAC11. F (4, 318) = 15.310, p < 0.0005
(left); F (4, 318) = 16.453, p < 0.0005 (right).
(E) PACT-Hdac11-PACT-Flag (P-H11-P) localizes in the
centrosome (g-tubulin positive) and 2 3 NLS-Hdac11-2 3
NLS-Flag (N-H11-N) localizes in the nucleus of in DG granule
cells 2 weeks after retrovirus injection. Anti-Flag was used
to visualize the intracellular localization of P-H11-P and
N-H11-N.
(F) Overexpression of P-H11-P, but not of N-H11-N,
increases total length and complexity of dendrites.
F (3, 266) = 20.26, p < 0.0005 (left); F (3, 266) = 18.066,
p < 0.0005 (right).
Numbers in the bar in (C), (D), and (F) indicate animal (top) and
analyzed cell (bottom) number, respectively. Scale bars in (A)
and insets in (A) and (E) are 50, 5, and 5 mm, respectively. Error
bars in (C), (D), and (F) are SEM. *p < 0.05, **p < 0.005,
***p < 0.0005 in (C), (D), and (F) (between Ctrl/Scr and the test
group); +++p < 0.0005 in (D) (between Hdac11sh1 and
Hdac11sh1+HDAC11). See also Figures S2 and S5.
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Figure 4. Hdac11 Facilitates the Maturation of Postnatally Born
Dentate Granule Neurons
(A) tdTomato coexpression (arrowheads) is employed to identify immature
(Dcx-positive) or mature (CB-positive) infected control or Hdac11-over-
expressing cells.
(B and C) Hdac11 overexpression reduces the percentage of immature (Dcx-
positive) (Welch’s t test, p < 0.005) cells and increases the percentage of
mature (CB-positive) (Welch’s t test, p < 0.005) cells in the virus-infected cell
population.
(D and E) The opposite effect is induced by suppression of Hdac11 (D: ANOVA,
F [2, 13] = 69.375, p < 0.005, followed by Scheffe’s F test, p < 0.005 between
Scr and Hdac11sh1, p < 0.005 between Scr and Hdac11sh2; E: ANOVA,
F [2, 14] = 64.882, p < 0.005, followed by Scheffe’s F test, p < 0.005 between
Scr and Hdac11sh1, p < 0.005 between Scr and Hdac11sh2).
Numbers in the bar in (B)–(E) indicate the number of animals examined.
(F and G) Overexpression of Hdac11 increases spine density (Wilcoxon rank
sum test. p < 0.0005, Ctrl [29 shafts, 15 neurons], Hdac11-overexpressing
group [46 shafts, 15 neurons]). (F) Representative picture of dendrites with
spines from control and Hdac11-overexpressing neurons, respectively. (G)
Boxplot of spine density. Outliers are shown as dots.
(H–K) Suppression of Hdac11 reduces maximum firing frequency (H and I,
Wilcoxon rank sum test, p < 0.005) and mEPSC frequency (J and K, Welch’s
t test, p < 0.05). In (H), representative firing patterns at threshold potential
(black trace) and maximum firing frequency (red trace) are depicted. In (I),
individual values are shown as dots and the median as bars. In (J), repre-
sentative traces with recorded mEPSCs are depicted. Numbers above the
dots in (I) and numbers in the bars in (K) indicate the number of animals (top)
and cells (bottom) used for the analysis.
Scale bars in (A) and (F) represent 20 and 5 mm, respectively. Error bars in (B–E)
and (K) are SEM. In (G), upper and lower whiskers extending from the boxes
indicate the maximum and minimum value within 1.5-fold of the interquartile
range (defined by the 75th percentile to the 25th percentile) from the higher
(75th percentile) and the lower quartile (25th percentile), respectively. *p <
0.05, **p < 0.005, ***p < 0.0005. See also Figure S6.for immature neurons, and CB, a marker for mature granule
neurons (Figure 4A). Two weeks after retrovirus injection, over-
expression of Hdac11 reduced the Dcx+ cell population and
increased the CB+ cell population (Figures 4B, 4C, and S6A).
Conversely, suppression of Hdac11 had the opposite effects
(Figures 4D and 4E). Overexpression of Hdac11 had no effect
on granule cell migration, soma size, number of primary
dendrites, or their survival (Figures S6B–S6E). We subse-
quently examined spine density and found an increase
following overexpression of Hdac11 (Figures 4F and 4G). We
also analyzed electrophysiological properties of granule cells,
because it is well established that the maturational stage has
an impact on input resistance, action potential features, and
miniature excitatory postsynaptic current (mEPSC) frequency
(Le Magueresse et al., 2011; Zhao et al., 2010). While input
resistance was not significantly changed by suppression of
Hdac11 (data not shown), the maximum firing frequency and
frequency of mEPSCs were significantly reduced relative to
control (Figures 4H–4K). These data demonstrate that
Hdac11 modulates the fine-tuning of granule cell maturation.
Hdac11 Functionally Interacts with Hdac6 and Cdc20
Next, we tested whether Hdac11 functionally interacts with
Hdac6 and Cdc20/APC complex. First, we confirmed the inter-
action of Hdac11 with Hdac6 (Figure 5A, left panel). Endoge-
nous interaction of Hdac11 and Hdac6 was also confirmed inCell Reports 7, 552–564, April 24, 2014 ª2014 The Authors 557
Figure 5. Hdac11 Acts Downstream of Cdc20/APC Com-
plex to Facilitate Dendrite Development of Postnatally
Born Granule Neurons
(A) Hdac11 coimmunoprecipitates Hdac6 and Cdc20 in cellular
lysates from HEK293T cells.
(B) Hdac6 (green) and Hdac11 (red) colocalize at the centrosome
(white, g-tubulin) (upper panel). Cdc20 (green) and Hdac11 (red)
also colocalize at the centrosome (white, Pericentrin2) (bottom
panel) in hippocampal primary-cultured neurons (4 days in vitro).
Insets show magnified images of the centrosome. Nuclei are
counterstained with DAPI (blue).
(C) Suppression of Hdac11 or Hdac6 reduces total length and
complexity of dendrites. Hdac11 and Hdac6 have a synergistic
effect. F (3, 189) = 15.916, p < 0.0005 (left); F (4, 189) = 14.352,
p < 0.0005 (right).
(D) A reduction of total length and complexity of dendrites is also
seen when concomitantly suppressing Cdc20 and Hdac11.
Hdac11 overexpression fails to rescue the phenotype induced
by Cdc20 suppression. F (4, 353) = 22.305, p < 0.0005 (left);
F (4, 353) = 20.189, p < 0.0005 (right).
(E) Cdc20 overexpression rescues impaired dendritic development
following Hdac11 suppression. F (3, 200) = 14.757, p < 0.0005 (left);
F (3, 200) = 14.330, p < 0.0005 (right).
Numbers in the bar in (C)–(E) indicate the animal (top) and analyzed
cell (bottom) number, respectively. Scale bar and inset in (B)
represent 5 and 1 mm, respectively. *p < 0.05, ***p < 0.0005 in
(C)–(E) (between Scr and test group); ++p < 0.005, +++p < 0.0005
in (C)–(E) (between Hdac11sh1 and test group). See also Figure S2.
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hippocampal lysate (Figure 6C). Furthermore, we demonstrated
an interaction between Hdac11 and Cdc20, suggesting that
Hdac11 is a part of the Cdc20/APC complex together with
Hdac6 (Figure 5A, right panel). Because it was shown that cen-
trosomal localization of Cdc20 is important for dendrite devel-
opment in cerebellar granule neurons (Kim et al., 2009a), we
investigated the localization of Hdac11 in hippocampal primary
neurons and found that Hdac11 colocalizes with Hdac6 and
Cdc20 in the centrosome (Figure 5B). Subsequently, we tested
the functional interaction of these three molecules. The sup-
pression of Hdac11 and Hdac6 impaired dendrite development
in a similar fashion, and concomitant suppression of both had a
synergistic effect, providing evidence for the functional interac-
tion of these molecules (Figures 5C and S2). Similarly, simulta-
neous suppression of Hdac11 and Cdc20 had a stronger effect
than suppression of Hdac11 or Cdc20 alone (Figures 5D and
S2). Importantly, Hdac11 overexpression failed to rescue the
impaired dendrite development induced by Cdc20 suppression
(Figures 5D and S2), whereas Cdc20 overexpression overcame
the effect of Hdac11 suppression (Figures 5E and S2).
Together, these results indicate that the concerted action of
Hdac11 with Hdac6 and Cdc20 regulates dendrite develop-
ment and that Hdac11 acts upstream of the Cdc20/APC
complex.
BubR1 Is a Downstream Target of Hdac11
We further questioned if Hdac11 promotes dendrite
development via the BubR1-Cdc20/APC cascade. Hence, we
investigated whether Hdac11 and BubR1 directly interact.
Immunocytological analysis revealed that the two proteins are
colocalized in the centrosome of cultured hippocampal neurons
(Figure 6A). We could also show that in the DG, BubR1 expres-
sion colocalizes with the centrosomal marker g-tubulin (Fig-
ure S3). Hdac11 coimmunoprecipitated BubR1 in lysates from
HEK293T cells (Figure 6B), and the interaction of the endoge-
nously expressed Hdac11 with BubR1 was also confirmed in
lysates derived from hippocampi of postnatal day 14 (P14)-old
mice (Figure 6C). Furthermore, the BubR1 acetylation level was
reduced by Hdac11 in lysates derived from HEK293T cells (Fig-
ure 6D). Of note, using an in vitro deacetylation assay, we also
demonstrated that Hdac11 reduced the acetylation of BubR1
without affecting the protein level of BubR1 (Figure S7). We
next examined the interaction of BubR1 and Hdac11 at the func-
tional level. Indeed, suppression of BubR1 rescued the pheno-
type induced by Hdac11 suppression (Figures 6E and S2).
Conversely, the phenotype of BubR1K250Q (mimicking BubR1
acetylation) could not be rescued by Hdac11 overexpression
(Figures 6F and S2). These results indicate that Hdac11 acts
upstream of BubR1.
Hdac11 Is a Component of General Mechanisms for
Dendrite Growth
To test whether the Hdac11-mediated effect is a more general
mechanism involved in dendrite development, we turned to the
other major site of postnatally generated neurons, namely the
SVZ, that gives rise to inhibitory neurons that populate by and
large the olfactory bulb. Thus, we injected a retrovirus into the
SVZ and overexpressed Hdac11 in neuroblasts (Figures 7Aand S2). Similarly to the effect found in hippocampus dentate
granule cells, we found that overexpression of Hdac11 had a
positive effect on dendrite development in olfactory granule neu-
rons (Figures 7B and 7C), indicating that Hdac11 promotes
dendrite development in both inhibitory neurons and excitatory
neurons.
DISCUSSION
In this study, we characterized a cellular cascade and function-
ally linked some known regulators with ones whose association
with neuronal development had not yet been shown. Based on
our findings, we propose a mechanism governing dendrite
development in postnatally generated neurons. Our principal
observations can be summarized as follows. First, Cdc20 inter-
acts with FEZ1 and promotes polyubiquitination of FEZ1.
Second, BubR1 suppresses dendrite development and acetyla-
tion of BubR1 enhances the phenotype. Third, Hdac11 interacts
with BubR1 and promotes dendrite development. Our functional
in vivo experiments revealed a hierarchical relation of FEZ1,
Cdc20, BubR1, and Hdac11.
The downstream events that link FEZ1 and its interacting
protein DISC1 with dendrite growth were previously established
(Kang et al., 2011; Kim et al., 2009b). Thus, suppression of FEZ1
enhances dendrite development, and disruption of the interac-
tion between FEZ1 and DISC1 has the same effect (Kang
et al., 2011). For the DG, the negative regulation of DISC1 on
dendrite growth was shown to involve the direct interaction of
DISC1 with KIAA1212, leading to a suppression of the Akt-
mTOR pathway via a decrease of Akt phosphorylation (Kim
et al., 2009b). Moreover, the modulatory effect of the Akt-
mTOR pathway on dendrite growth appears to be involved in
one of the major pathways controlling dendrite growth during
development. Thus, in immature neurons, the depolarizing effect
of GABA, which promotes dendrite growth, was shown to involve
the Akt-mTOR pathway (Kim et al., 2012). Here, we identified
functionally relevant components of a network whose interplay
regulates the expression levels of the DISC1-interacting protein
FEZ1 and thereby modulates dendrite growth (Figure 7D).
The identification of Cdc20/APC complex, BubR1, and
Hdac11 as potent regulators of pathways controlling FEZ1
expression prompts the question whether mutations in any of
these genes might be associated with schizophrenia. Unlike
DISC1/FEZ1, where linkage analysis suggests a strong associa-
tion with schizophrenia (Kang et al., 2011; Millar et al., 2000),
mutations in the Cdc20/APC complex or BubR1 are unlikely to
be involved in schizophrenia, because misregulation of these
genes may increase chromosomal instability and cause cell
death, tumor development, and progression. Indeed, knockout
mice with a deletion of Cdc20 or BubR1 are embryonically lethal
(Li et al., 2007;Wang et al., 2004), downregulation of these genes
causes chromosomal missegregation in culture (Jin et al., 2010;
Kops et al., 2004), and dysregulation is associated with cancer
(Chang et al., 2012; Choi et al., 2012; Kato et al., 2012; Shin
et al., 2003; Yamamoto et al., 2007).
The dendrite growth-promoting effect of Cdc20/APC via
polyubiquitination of FEZ1 can be extended to yet other mole-
cules. For instance, Kim and colleagues identified inhibitor ofCell Reports 7, 552–564, April 24, 2014 ª2014 The Authors 559
Figure 6. Hdac11 Regulates Acetylation of
BubR1, Thereby Controlling Dendrite Devel-
opment of Postnatally Born Dentate Granule
Neurons
(A) Hdac11 (red) colocalizes with BubR1 (green) at
the centrosome (white, g-tubulin) in hippocampal
primary cultured neuron at 4 days in vitro. Nuclei
are counterstained with DAPI (blue).
(B) Hdac11 coimmunoprecipitates BubR1 in
HEK293T cells.
(C) Hdac11 coimmunoprecipitates BubR1 and
Hdac6 in hippocampal lysates from P14-old mice.
(D) Hdac11 decreases the total level of BubR1 and
of acetylated BubR1 (detected with Ack250) in
HEK293T cells treated for 19 hr with nocodazole,
an inhibitor of microtubule polymerization, leading
to cell-cycle arrest at prometaphase (i.e., at the
peak of BubR1 acetylation). HEK293T cells were
transfected with a control plasmid expressing
tdTomato or with a plasmid expressing Hdac11-
T2A-tdTomato. The tdTomato was detected by an
antibody against DsRed.
(E) Suppression of BubR1 rescues the Hdac11-
induced impairment. F (3, 191) = 23.767, p < 0.0005
(left); F (3. 191) = 22.631, p < 0.0005 (right).
(F) Hdac11 fails to rescue the impaired
dendrite development induced by BubR1 (K250Q).
F (3, 222) = 76.35, p < 0.0005 (left); and F (3, 222) =
84.419, p < 0.0005 (right).
Numbers in the bar in (E) and (F) indicate animal
(top) and analyzed cell (bottom) number, respec-
tively. Scale bar in (A) represents 5 mm. *p < 0.05,
**p < 0.005, ***p < 0.0005 in (E) and (F) (between
Ctrl/Scr and test group); +++p < 0.0005 in (E) (be-
tween Hdac11sh1 and Hdac11sh1+BubR1sh) and
(F) (between Hdac11 and BubR1K250Q+Hdac11).
See also Figures S2 and S7.DNA binding 1 (Id1) as a downstream target of the Cdc20/APC
complex and reported that suppression of Id1 promotes dendrite
development (Kim et al., 2009a). Furthermore, BubR1 was
shown to be a target of the Cdc20/APC complex (Choi et al.,
2009), and, as demonstrated in this study, BubR1 suppression
promotes dendrite development. Hence, the Cdc20/APC com-
plex governs dendrite development by polyubiquitinating several560 Cell Reports 7, 552–564, April 24, 2014 ª2014 The Authorstarget molecules. The polyubiquitination
of any of these targets by Cdc20/APC suf-
fices to promote dendrite development.
BubR1 was so far studied in the context
of cell-cycle regulation (Cahill et al., 1998;
Choi et al., 2009; Li et al., 1999; Yang
et al., 2012). During the spindle assembly
checkpoint, BubR1 binds to kinetochores
of congressed chromosomes. The protein
is subject to multiple posttranslational
modifications, including phosphorylation,
acetylation, deacetylation, sumoylation,
and ubiquitination (Choi et al., 2009;
Yang et al., 2012). It is known that these
modifications take place in a sequential
manner during mitotic progression andregulate the spindle assembly checkpoint and timing of mitosis
to prevent chromosomal missegregation (Yang et al., 2012). It re-
mains to be answered whether for the regulatory function of
BubR1 in dendrite development BubR1 undergoes all steps of
protein modifications in the same sequential fashion as during
mitotic progression when it interacts with kinetochores. The reg-
ulatory function of BubR1 on dendrite development and the cell
Figure 7. Hdac11 Promotes Dendrite Development of Postnatally
Born Olfactory Bulb Granule Neurons
(A) For manipulation of Hdac11 expression in vivo, retrovirus was injected to
the subventricular zone (SVZ) at P6, and brains were collected at 2 weeks
postinjection.
(B) Representative pictures of a control olfactory granule neuron infected with
retrovirus controlling enhanced GFP expression and of an olfactory granule
neuron infected with retrovirus controlling the expression of Hdac11-T2A-
tdTomato following coinjection of the two viruses.
(C) Overexpression of Hdac11 promotes dendrite development of postnatally
born olfactory bulb granule neurons (Welch’s t test, p < 0.005 [left] and p <
0.0005 [right]). Numbers in the bar in (C) indicate the animal (top) and analyzed
cell (bottom) number, respectively.cycle certainly differs with respect to its interaction with Hdac11.
As we showed in this study, Hdac11 exerts its function on
dendrite growth by deacetylation of BubR1. However, for regu-
lating the cell cycle, the interaction with Hdac11 is most likely
not required. We make this inference simply based on the fact
that not all proliferating cell types express Hdac11. For instance,
proliferating cancer cells (Deubzer et al., 2013), but not HEK293
cells, express Hdac11 (Gao et al., 2002).
The exact mechanism by which BubR1 interferes with Cdc20
activity requires further exploration. Another kinase, namely
calcium/calmodulin-dependent kinase II beta (CaMKIIb), in-
hibits dendrite development like BubR1 by suppressing
Cdc20 activity. The effect of CaMKIIb on dendrite growth de-
pended on the phosphorylation of Cdc20 at S51 (Puram et al.,
2011). It was shown that BubR1 can phosphorylate Cdc20
in vitro (Wu et al., 2000), but there is also evidence that
BubR1 can suppress Cdc20 in a phosphorylation-independent
fashion. For instance, a kinase-dead mutant of BubR1 was able
to inhibit the Cdc20/APC, thereby suppressing cyclin B1 ubiq-
uitination (Tang et al., 2001). Thus, it remains to be shown
whether BubR1 exerts its effect via phosphorylation of Cdc20
or whether inhibition of dendrite growth results solely from its
interaction with Cdc20.
Hdac11 was demonstrated to interact with Hdac6 (Gao et al.,
2002), an ubiquitin-binding protein of the Cdc20/APC complex
(Kim et al., 2009a), and, as shown here, it regulates dendrite
development in dentate granule neurons. While the dendrite
growth-promoting effect of Hdac6 does not depend on the
HDAC domain (Kim et al., 2009a), Hdac11 requires the HDAC
domain for dendrite development. In this study, we demon-
strated that Hdac11 exerts its function via deacetylation of its
downstream target BubR1. BubR1 was shown to interact with
other Hdacs as well, namely with Hdac1, Hdac2, and Hdac3
(Choi et al., 2009). Of note, in the latter study, BubR1 did not
coimmunoprecipitate Hdac6. Because we demonstrated in our
study that Hdac11 coimmunoprecipitates BubR1 and Hdac6,
one can infer that BubR1 may interact indirectly with Hdac6 via
Hdac11. While a potential effect of Hdac1 and Hdac3 has not
been studied so far, Hdac2 was demonstrated to be involved
in dendrite development (Nott et al., 2008). In contrast to
Hdac11, however, Hdac2 suppression enhances dendrite devel-
opment via chromatin remodeling (Nott et al., 2008). Based on
our finding that Hdac11 suppression is sufficient to impair
dendrite development, it is safe to infer that there is little, if
any, compensatory mechanism by which any of the other Hdacs
would interact with BubR1 and mediate dendrite development
in vivo.
Hdac11 clearly has multiple cellular functions, many of which
have remained enigmatic. So far, the functional role of Hdac11
has been best studied in nonneuronal mammalian cells.
Hdac11 is mainly known as a transcriptional regulator in the
nucleus. Thus, by binding to promoter regions, Hdac11 was(D) Hdac11 expression in postmitotic granule neurons reduces BubR1
acetylation, thus disinhibiting Cdc20/APC complex that polyubiquitinates
FEZ1, leading to FEZ1 degradation and promoting dendrite development.
Scale bar in (B) represents 50 mm. **p < 0.005, ***p < 0.0005 in (C). See also
Figure S2.
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reported to negatively regulate the transcription of interleukin-10
in antigen-presenting cells (Villagra et al., 2009) and plasminogen
activator inhibitor type-1 in the kidney of male mice (Kim et al.,
2013), and to positively regulate the transcription of myelin basic
protein gene and proteolipid protein gene in OL-1 oligoden-
droglia cells (Liu et al., 2009). In this study, we identified a crucial
role of Hdac11 in maturing postnatally generated neurons. We
showed that Hdac11 controls dendrite development and
affected the expression of maturational markers, spine density,
firing frequency, and mEPSC frequency of dentate granule
neurons. We do not know whether the promotion of dendrite
development and facilitated cellular development are two inde-
pendent processes caused by Hdac11 expression or whether
these two processes are linked. Unlike in the above-mentioned
studies, where nuclear Hdac11 exerted its function by regulating
gene transcription, the regulatory control of Hdac11 on dendrite
development depended on its centrosomal localization. In addi-
tion to this function in the development of DG granule cells,
Hdac11 must have additional functions in the brain, because,
on the basis of in situ hybridization data, it is expressed in several
neuronal cell types in the mature brain (Broide et al., 2007). In
summary, this study highlights the functional role of Hdac11
deacetylation activity in inactivating BubR1 to disinhibit Cdc20/
APC complex during dendrite development.
EXPERIMENTAL PROCEDURES
Animals
C57BL/6 mice were used in this study, and animal experiments were per-
formed according to the Heidelberg University Animal Care Committee
regulations.
Antibodies
Information about primary antibodies is shown in Table S1.
Immunostaining
Mice were perfused with PBS (pH 7.4) followed by 4% paraformaldehyde
(PFA). Brains were removed and postfixed with 2% PFA at 4C overnight.
Coronal sections were cut at 50 mm using a vibratome. For Hdac11 staining,
after perfusion, brains were postfixed with 4% PFA for 4 hr, cryoprotected
with 30% sucrose in PBS overnight at 4C, embedded in Tissue Freezing
Medium (Leica), frozen in powdered dry ice, and cut at 30 mm using a cryostat.
Sections were blocked and permeabilizedwith 1%BSA in PBST (PBS contain-
ing 0.4% Triton X-100). Primary and secondary antibodies were diluted with
PBST. Blocking peptide (Abgent, BP1111a) for HDAC11 antibody (Abgent,
N-term, AP1111a) was used for examining the specificity of the antibody.
Immunocytochemistry
Cells were fixed with 4% PFA for 20 min, washed with PBS, and kept at 4C
until use. Cells were blocked with 1% BSA and 0.1% Triton for 30 min.
Antibodies were diluted with PBS. Cells were incubated with primary
antibodies overnight at 4C, or for 1 hr at room temperature, and with
secondary antibodies at room temperature for 1 hr. Cells were washed with
PBS for 10 min three times after each antibody reaction. Coverslips were
mounted on the slide glass with Mowiol.
Plasmids and Retrovirus Preparation
Plasmid and shRNA constructs used for this study were generated as
described in Supplemental Experimental Procedures. Retroviruses and
lentivirus were prepared as previously described (Alfonso et al., 2012; Khodo-
sevich et al., 2011). In brief, the packaging cell line HEK293T cells was trans-
fected with the viral backbone vector together with the helper plasmids, and562 Cell Reports 7, 552–564, April 24, 2014 ª2014 The Authorsthe viral particles were purified by ultracentrifugation. The concentrated viral
solutions were titrated and kept at 80C until use.
Stereotaxic Injections
Retroviruses were injected bilaterally with a stereotaxic device (Kopf) into the
DGof P5- to P6-old pups. This time point of development was chosen because
there still is pronounced neurogenesis, thus enabling us to have a significant
number of infected cells for subsequent analysis. Pups were deeply
anesthetized with isoflurane. The coordinates for the injection site were
0.1 mm posterior relative to the middle position between bregma and lambda,
1.7 mm lateral from the midline, and 1.4 mm ventral from the brain surface.
Analysis of Dendrite Morphology
Images were acquired on a Zeiss LSM 700 confocal microscope. Dendrite
morphological analysis was carried out as described elsewhere (Ge et al.,
2006). Briefly, z series confocal images were stacked to make projection
images of the retrovirus-infected fluorescent-positive neurons. To evaluate
the dendrite length and complexity, we used virus-labeled control and gene/
expression-manipulated neurons that were isolated enough to unambiguously
allow the identification of dendrites and with high dendrite integrity (i.e.,
dendrites should be by and large confined to the investigated microscopic
plane that was scanned for a depth of 30 mm). Dendrites of the neurons in
the projection images were semiautomatically traced using NeuronJ plugin
of NIH ImageJ. For olfactory bulb granule neurons, apical dendrites were
evaluated. Basal dendrites were not evaluated because they were often not
visible. ANOVA was used to evaluate the statistical difference of both total
length and complexity of dendrites, unless stated otherwise. The integrated
value of crossings was used as a measure of dendrite complexity. The
Games-Howell test was used for post hoc analyses. Data of Ctrl, Scr,
Cdc20, Cdc20sh, FEZ1sh, BubR1K250Q, BubR1sh, Hdac11, and Hdac11sh1
were used several times for statistical test to address different questions.
Immunoprecipitation
The interaction of Hdac6 with Hdac11-Flag, Hdac11-Flag with hemagglutinin
(HA)-Cdc20, FEZ1-Flag with HA-Cdc20, Hdac11-Flag with His-BubR1, and
His-BubR1 with HA-Cdc20 was tested in HEK293T cells. The endogenous
interaction of Cdc20 with FEZ1 and BubR1 and the interaction of Hdac11
with Hdac6 and BubR1 were tested using protein lysates from hippocampi
of P10- or P14-old mice. For the interaction of Hdac11-Flag with Hdac6 in
HEK293T cells and the endogenous interaction of Hdac11 with Hdac6 and
BubR1, lysis solution I (50 mM Tris-HCl [pH 7.4], 120 mM NaCl, 0.5 mM
EDTA, 0.5% Igepal) was used. For the other experiments, lysis solution II
(50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.5 mM EDTA, 1% Triton) was
used. For the endogenous interaction of Cdc20 and FEZ1, lysis solution III
(50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.5 mM EDTA, 0.5% Igepal) was
used. All lysis solutions contained a cocktail of protease inhibitor (Roche).
Anti-Flag agarose beads (Sigma) were used for immunoprecipitation of
Hdac11-Flag and FEZ1-Flag. Proteins were eluted by using 33 Flag peptides
or by boiling the immune complex with SDS-sample buffer.
Ubiquitination of FEZ1 and Acetylation Status of BubR1
To determine ubiquitination of FEZ1, HEK293T cells were lysed with lysis
solution (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 5 mM EDTA, 1% Triton,
5 mM N-ethylmaleimide) containing a cocktail of protease inhibitors 3 days
after transfection with FEZ1 together with control or Cdc20 plasmid. After
immunoprecipitation with Flag antibody, ubiquitination status was tested
with a K48 ubiquitination-specific antibody. To determine acetylation of
BubR1, HEK293T cells were treated with 100 ng/ml of nocodazole for 19 hr
and lysed with NETN buffer (20 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1 mM
EDTA, 0.5% Igepal) containing a cocktail of protease inhibitors 1 day after
transfection with either control or Hdac11 plasmid. Proteins were collected
and used for western blot with an antibody against acetylated K250 of
BubR1, which was developed by Choi and colleagues (Choi et al., 2009).
Electrophysiology
Whole-cell recordings of dentate granule neurons were performed 13–14 days
after retrovirus injection.For details, seeSupplemental ExperimentalProcedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and one table and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2014.03.022.
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